Introduction
Commercial hydrocarbon exploration using marine controlled-source electromagnetic (CSEM) methods using ocean bottom receivers and a ship-towed bipole have been used since 2002 (Eidesmo et al., 2002 and have experienced rapid growth in technology and market penetration. The principal detection mechanism is the relative enhancement of the transverse magnetic component of the received electromagnetic signal by resistors buried in the subsurface. These resistors can be either hydrocarbon deposits or other resistive bodies. The source emits a periodic signal consisting of a number of discrete frequencies which form the basis for survey design, processing and data inversion.
A vast improvement in data quality over the past years was driven by advances in hardware and operations, permitting the acquisition of well-defined and repeatable grids of seabed receivers with complex towing patterns including the acquisition of wide-azimuth data. Together with advances in inversion and integrating CSEM data into global geophysical interpretations (Buonora et al., 2008) , marine CSEM has become an established method for 3D imaging of complex geological settings. For references, see the case studies presented in Carrazone et al., 2008 , Price et al., 2008 , Plessix, van der Sman, 2008 and Zach and Frenkel, 2009 While depth migration of CSEM data has been demonstrated in simple cases (Mittet et al., 2005) , all commercially viable solutions for 3D imaging of the subsurface rely on a gradient-based, iterative inversion approach in which the full set of Maxwell's equations is solved on a finite grid during each iteration step. The model change after each step is determined from the gradient
of a misfit functional ¢ with respect to the conductivities in a discretized model £ i . Approaches such as presented in Zach et al., 2008-1 and 2009 constitute a full-waveform inversion, which is more robust in CSEM compared to the seismic case on account of the lower resolution due to the diffusive nature of the wave-field compared to the latter. Among the notable recent publications on full-waveform marine CSEM 3D inversion are for example Commer et al., 2008 , Jing et al., 2008 , Gribenko and Zhdanov, 2007 There is considerable added value in joint interpretation of CSEM and seismic surveys. The complementary relation between the methods has two major aspects:
(1) Seismic techniques are sensitive to structural boundaries, whereas CSEM anomalies depend on the existence of a sufficient contrast in transverse resistance Rt=(¤¥)(¤z) and are thus sensitive to the bulk volume of a resistor (hydrocarbons or other); it is important to note that ¤ z can be considerably smaller than the inherent resolution of the method to generate a response.
(2) CSEM responds to resistivity, which tends to be sensitive to changes between high to intermediate hydrocarbon saturation, as opposed to seismic attributes such as the p-wave velocity, which is flat in the same saturation range. Conversely, CSEM has little sensitivity to fizz gas compared to 3D seismic techniques (see figure 1 ). While joint inversion in the narrow sense is of considerable academic interest (e.g., Hoversten et al., 2006) , present-day applications focus either on joint interpretation of 3D seismic images and resistivity cubes from 3D-CSEM inversion, or on using seismic containers to constrain CSEM-inversion.
In the present case study, the inversion result from a dense 3D CSEM grid acquired over an area with high-quality 3D seismic data is discussed. The next logical step beyond 3D-CSEM surveys are time-lapse-, or 4D-CSEM surveys, and have the greatest potential when jointly acquired with timelapse seismic data. At this point, published time-lapse CSEM surveys are at the stage of detailed survey planning (e.g., Norman et al., 2008, Lien and Mannseth, 2008) . In the present contribution, we will evaluate the time-lapse capability of the acquisition mode at the time of publication, and discuss the first two among the following possible sources of non-repeatability:
(1) Source navigation and waveform, (2) Ocean bottom receiver position and orientation, (3) Cultural changes between repeat acquisitions (e.g., additional subsea installations).
Methodology 1: Data acquisition and conditioning

Source-receiver synchronization
Marine CSEM data consist of time-series data acquired by ocean bottom receivers, which are arranged in grids or lines. Horizontal electric and magnetic fields (4-component), and optional vertical fields, are recorded every 20ms, as a horizontal bipole is towed <100m above the seafloor, see figure 2. Since the receivers operate autonomously between drop and retrieval, their clocks have to be synchronized to the source, which is accurate to better than 10ms over several days. In order to achieve this accuracy, a temperature-dependent correction is applied to the clock calibration. For a typical 0.25 Hz-mode, this is equivalent to a phase error between source and receiver of better than 1 degree. This implies controlled amplitude and phase throughout receiver grids outlined in figure 3, which is essential to achieve depth sensitivity in inversion. Source navigation data are measured including position and orientation of the source, using a suite of acoustic and echo-sounder sensors on the vessel and the source. However, source navigation accuracy depends on water depth, but is generally given to within ~meters in the horizontal position, ~10 cm in vertical altitude above the seafloor and less than 1 degree for the source dipole orientation. Navigation data are recorded every 10 seconds, and an interpolation method is used to assign a source position to each electric field measurement.
Data conditioning for advanced processing
The data conditioning follows the approach outlined in Zach et al., 2008-2, where data are converted into the frequency domain and the data noise is obtained, which is essential for weight generation in subsequent inversion. The receiver angle is determined with a proprietary datadriven method similar to the one described in Mittet et al., 2007 . It should be stated that no subsequent timing/phase corrections are necessary at the state of the art. figure 4 , which confirms the strong anomaly due to the gas field, the known geology of the area and an outline of the resistive response within the boundaries of the seismic prospect of the Troll oil field. In general, within the resolution of the CSEM method, proven well logs throughout the area are confirmed. Most importantly, the resistivity distribution within the reservoir is visible, for example the gas cap on top of the oil reservoir. 
The next step: time-lapse CSEM
In past surveys, the greatest acquisition uncertainty related to the receiver orientation, which introduced a systematic error of up 3-5 degrees in azimuth and tilt. With more accurate receiver orientation measurements and the possibility to use seabed monuments, future sources of nonrepeatability for time-lapse surveys will be dominated by the source navigation. Table 1 lists the present versus future contributions of the most relevant source parameters to the time-lapse error. The cumulative error based on source navigation only from a recent dataset in the Gulf of Mexico, where part of a survey was towed twice over the same receiver drop, is shown in figure 5 , where the resulting time-lapse repeatability is within 3-5%.
Time-lapse feasibility modeling
One of the key potential 4D-CSEM applications is timelapse waterflood monitoring in hydrocarbon reservoirs, particularly to distinguish different shapes of the advancing waterfront. Figure 6 shows a numerical experiment with a 10km x 10km reservoir, one fifth of which is flooded from the left. In both cases, the volume of the flood is the same, but the shape is different, representing compartmentalized reservoirs. As time-lapse responses, we consider the measured field after versus before flooding, which are plotted for three receiver lines in figure 7 . Only the Eastern electric field component is plotted, and only responses are plotted for which the received signal is at least one order of magnitude above the noise threshold (assumed to be 10 -15 V/Am 2 ). The flood causes a 30%-50% anomaly level, whereas different realistic flooding patterns can distinguish each other on a 10% anomaly level. With a 5% repeatability error in time-lapse surveys established with today's marine CSEM technology, we therefore conclude that in large reservoirs, both production and water flood as such, as well as different shapes of water flood can be monitored. figure 11 . Top: for f=0.25 Hz, the Eastern electric field after versus before the flood for the three lines shown in the right panel of figure 6 . The anomaly is detectable on a 30%-50% anomaly level. Bottom: the Eastern electric field of the "crooked" flood on the right versus the "straight" flood on the left panel of figure 6 . The relative difference in the signal between both flood shapes is therefore detectable, if a time-lapse error of ~5% is assumed. Color legend: blue: top line, red: bottom line, black: center line in fig. 6 . Finally, figure 8 shows the relative time-lapse signal of a partial water flood, showing a 20%-anomaly, even if the resistivity only decreases by 50%, also resolvable using state of the art-CSEM surveys. 
Conclusions
The present inversion-based 3D interpretation approach is, together with constraints from seismic and/or well data, able to quantitatively map resistivity within larger reservoirs. Time-lapse surveys for production-and water flood monitoring, including distinguishing different flood shapes, are feasible for the present state of the art of acquisition technology. Time-lapse repeatability due to the source alone is in the sub-5%-range, and is set to drop further for improved navigation, as well as improved advanced processing which takes into account the existing accurate navigation measurements.
